
























The coupling of carbon and sulfur in sediments in the early 





指 导 教 师 ：  雷怀彦 教授 
专 业 名 称 ：    海 洋  地  质  
论文提交日期： 2014 年 5 月  
论文答辩日期： 2014 年 5 月  
 
 
学位授予时间 2014 年 6 月  
 
 





















另外，该学位论文为（                            ）课题（组）
的研究成果，获得（               ）课题（组）经费或实验室的




声明人（签名）：             























（     ）1.经厦门大学保密委员会审查核定的保密学位论文，
于   年  月  日解密，解密后适用上述授权。 






声明人（签名）：             




















Abstract ······················································································································ XI 
第 1章 绪论 ·············································································································· 1 
1.1 研究意义 ············································································································· 1 
1.2 研究现状 ············································································································ 5 
1.3 存在问题 ············································································································ 7 
1.4 研究目标与内容 ································································································ 7 
1.5 技术路线 ············································································································ 8 
第 2章 材料与方法 ······························································································ 10 
2.1 项目依托与样品来源 ······················································································ 10 
2.1.1 项目依托 ·································································································· 10 
2.1.2 样品来源 ·································································································· 10 
2.1.3 测试分析项目 ·························································································· 11 
2.2 分析方法 ··········································································································· 12 
2.2.1 样品前处理 ······························································································ 12 
2.2.2 有机碳（TOC）含量测定 ········································································ 12 
2.2.3 总碳、总硫（TC、TS）测定 ·································································· 13 
2.2.4 酸可挥发性硫（AVS）测定 ···································································· 14 
2.2.5 磁化率测定 ······························································································ 15 
2.2.6 黄铁矿的晶体形态分析 ·········································································· 16 
2.2.7 黄铁矿中 δ34S的测定 ·············································································· 17 
2.2.8 孔隙水中阴离子测定 ·············································································· 17 
第 3章 南海北部陆坡台西南海域沉积物地球化学特征 ························ 19 
3.1 沉积物全岩地球化学特征 ·············································································· 19 















I I  
3.1.2 沉积物总有机碳（TOC） ········································································ 20 
3.2 沉积物中自生矿物特征 ·················································································· 21 
3.2.1 酸可挥发性硫（AVS） ············································································ 21 
3.2.2 黄铁矿中 δ34S含量 ·················································································· 21 
3.3 沉积物孔隙水特征 ·························································································· 22 
3.3.1 沉积物含水率 ·························································································· 22 
3.3.2 沉积物孔隙水中阴离子 ·········································································· 23 
3.4 地化指标对甲烷水合物的指示意义 ······························································ 24 
3.4.1 TS 和 AVS 异常对甲烷的指示意义 ························································· 24 
3.4.2 自生黄铁矿 δ34S 异常及其对甲烷的指示意义 ······································ 26 
3.4.3 SMTZ 的分层现象 ····················································································· 27 
3.4.4 微生物分布的耦合现象 ·········································································· 28 
第 4章 水合物潜在区沉积物早期成岩过程中的碳硫相互作用 ·········· 30 
4.1 沉积物早期成岩过程中的分带现象 ······························································· 30 
4.2 有机质缺氧氧化硫酸盐还原作用 ·································································· 30 
4.3 甲烷厌氧氧化硫酸盐还原作用 ······································································ 32 
4.4 沉积物早期成岩过程中的碳硫相互作用 ······················································ 34 
第 5章 南海北部自生黄铁矿对天然气水合物的指示意义 ··················· 37 
5.1 黄铁矿集合体形态 ··························································································· 37 
5.2 黄铁矿单晶形态 ······························································································· 39 
5.3 黄铁矿的纵向分布规律 ··················································································· 45 
5.4 黄铁矿的成因机理及对甲烷水合物的指示意义 ··········································· 48 
5.4.1 黄铁矿的成因机理 ·················································································· 48 
5.4.2 黄铁矿对甲烷水合物的指示意义 ·························································· 48 
第 6章 南海北部陆坡沉积物孔隙水中硫酸盐还原模式 ························ 54 
6.1 表层硫酸盐浓度升高现象 ··············································································· 54 
6.2 有机质缺氧氧化硫酸盐还原对 SMI 界面计算的影响 ·································· 54 
6.3 中层过渡带 ······································································································ 57 
6.4 甲烷厌氧氧化硫酸盐还原对 SMI 界面计算的影响 ······································· 59 















I I I  
第 7章 主要研究成果与存在的问题 ····························································· 64 
7.1 主要研究成果 ··································································································· 64 
7.2 创新性进展 ······································································································· 65 
7.3 研究存在的问题 ······························································································ 66 
参考文献 ··················································································································· 67 
致谢 ···························································································································· 72 





















Abbreviations ···················································································· VII 
Abstract in Chinese ··········································································· VIII 
Abstract in English ·············································································· XI 
Chapter 1 Introduction··········································································· 1 
1.1 Research significance  ······································································· 1 
1.2 The research status ·········································································· 5 
1.3 Problem of research ········································································· 7 
1.4 Research objective and content  ·························································· 7 
1.5 Technique route  ·············································································· 8 
Chapter 2 Materials and analysis methods ············································ 10 
2.1 Resource of program and materials  ·················································· 10 
2.1.1 Resource of program··································································· 10 
2.1.2 Materials·················································································· 10 
2.1.3 Analysis items··········································································· 11 
2.2 Analysis methods  ··········································································· 12 
2.2.1 Sample pre-treatment ·································································· 12 
2.2.2 Determination of organic carbon content·········································· 12 
2.2.3 Determination of total carbon and total sulfate content  ························ 13 
2.2.4 Determination of acid volatile sulfide·············································· 14 
2.2.5 Determination of magnetisability  ··················································· 15 
2.2.6 Pyrite crystal morphology analysis  ················································· 16 
2.2.7 Determination of δ34Spyrite ·························································· 17 
2.2.8 Determination of negative ion in pore water  ····································· 17 
Chapter 3 Geochemical characteristics of sediments in Taixinan area in 
continental slope of northern South China Sea ······································ 19 
3.1 Geochemical characteristics of sediments ··········································· 19 
















3.1.2 Total organic carbon of sediments  ·················································· 20 
3.2 Characteristics of authigenic mineral in sediments  ······························ 21 
3.2.1 Acid volatile sulfide  ··································································· 21 
3.2.2 δ34S in pyrite············································································· 21 
3.3 Characteristics of pore water in sediments  ········································· 22 
3.3.1 Moisture content of sediments  ······················································· 22 
3.3.2 Negative ion in pore water among sediments  ···································· 23 
3.4 The indicative significance of Geochemical parameters  ························ 24 
3.4.1 The indicative significance of TS and AVS  ······································ 24 
3.4.2 The indicative significance of abnormal δ34S in pyrite ························· 26 
3.4.3 The stratification of SMTZ ··························································· 27 
3.4.4 The coupling of distribution of microbes·········································· 28 
Chapter 4 The coupling of carbon and sulfur in sediments in the early 
diagenesis of gas hydrate potential area  ················································ 30 
4.1 The zonation of sediments in the early diagenesis ································ 30 
4.2 Anoxygenous oxidation of organic matter-sulfate reduction ·················· 30 
4.3 Anaerobic oxidation of methane-sulfate reduction ······························· 32 
4.4 The coupling of carbon and sulfur in sediments in the early diagenesis ··· 34 
Chapter 5 Indicative significance for gas hydrate in northern South China 
Sea by pyrite ······················································································· 37 
5.1 Aggregation of pyrite  ····································································· 37 
5.2 Single crystal of pyrite  ···································································· 39 
5.3 Pyrite distribution with depth ·························································· 45 
5.4 Formation mechanism of pyrite and indicative significance for gas hydrate
········································································································ 48 
5.4.1 Formation mechanism of pyrite  ····················································· 48 
5.4.2 Indicative significance for gas hydrate············································· 48 
Chapter 6 Sulfate reduction models of pore water among sediments in 
















6.1 Surface sulfate concentration rising  ·················································· 54 
6.2 The influence on depth of sulfate methane interface by anoxygenous 
oxidation of organic matter-sulfate reduction ·········································· 54 
6.3 The central transitional zone  ··························································· 57 
6.4 The influence on depth of sulfate methane interface by anaerobic oxidation 
of methane-sulfate reduction ································································ 59 
6.5 The models of shifty sulfate concentration·········································· 61 
Chapter 7 Conclusions and outlooks ···················································· 64 
7.1 Conclusions ·················································································· 64 
7.2 Innovative progresses ····································································· 65 
7.3 Outlooks ······················································································ 66 
References ·························································································· 67 
Acknowledgement ·············································································· 72 
Participant science research funds in last three years  ····························· 73 


















ANME  Methanotrophic archaea  噬甲烷古菌 
AOM  Anaerobic oxidation of methane  甲烷厌氧氧化作用 
AOM-SR  Anaerobic oxidation of methane-sulfate reduction  甲烷厌氧氧化-硫酸
盐还原作用 
AVS  Acid volatile sulfide  酸可挥发性硫 
BSR  Bottom simulating reflector  似海底反射界面 
EMS  Electron microscope scanning  扫描电子显微镜 
pH  Power of hydrogen  pH 值 
PVC  Polyvinyl chloride  聚氯乙烯 
SCS  South China Sea  南中国海 
SMI  Sulfate-methane interface 硫酸盐甲烷交接面 
SMTZ  Sulfate-methane transition zone  硫酸盐-甲烷过渡带 
SR  Sulfate reduction  硫酸盐还原作用 
SRB  Sulfate reducing bacteria 硫酸盐还原菌 
TC  Total carbon 总碳 
TOC  Total organic carbon 总有机碳 








































（1）南海北部台西南海域 973-4 柱的有机碳含量为 0.39-1.26%，TS 含量为
0.2-0.7%，AVS 在 898cm深度激增至 9315μmol/g，黄铁矿 δ34S 含量在 17.9‰~-44.4‰
之间。利用 973-4 柱的地球化学特征综合判断：973-4 柱存在有机质缺氧氧化硫
酸盐还原与甲烷厌氧氧化还原硫酸盐两种硫酸盐还原路径，对应深度分别为
360-440cm、580-900cm。其中甲烷厌氧氧化硫酸盐还原带可分为上下两部，对


















以硫酸盐梯度的突变为标志，此外，黄铁矿 δ34S 含量接近 0‰及黄铁矿晶型出现
二次生长也可作为辅助判断指标。 
（2）973-4 柱 SMI 界面深度为 900cm，结合碳同位素结果和测年资料综合











新的合理的 SMI 界面。 
（5）973-4 柱中黄铁矿以其形成机制可划分为两种：充填于生物碎屑及沉积









的分解偶发且不稳定，使得局部甲烷通量变化较大，最终导致在 SMTZ 中 AOM













































As an ideal alternative energy in the 21st century, gas hydrate has become a 
research focus in the global science field. The existing of gas hydrate is mainly under 
the influence of temperature, pressure and composition. Not only the variations of sea 
level, deposition rate and the sea water temperature at the bottom, but also sundry 
geological hazards, such as underwater landslides and earthquake can lead to the 
decomposition and release of gas hydrates. Therefore, by studying in coupling of 
carbon and sulfate in the gas hydrate potential zone in northern South China Sea, the 
accumulation process and the decomposition and release mechanism of gas hydrates 
under a gusty condition. As a potential zone of gas hydrate, the northern South China 
Sea also experienced the methane decomposition and release in geological history. 
Methane will be released and go upwards, which, subsequently, join in the anaerobic 
oxidation of methane-sulfate-reduction. Anaerobic methane oxidation-sulfate 
reduction (AOM-SR) is one of the most important reactions in the early diagenetic 
process of sediments, which is affected by the pore water in sediments and the carbon 
sources, such as organic matter and the lifting methane. 
Moreover, it claims a guiding significance in the gas hydrates exploitation in our 
country. This research is on the basis of the National Major Fundamental Research 
and Development Project “Basic study on gas hydrate accumulation laws and 
exploitation in the South China Sea” (No. 2009CB219501), the National Nature 
Science Fundation Project “Research on the sulfate-methane system prosumer 
mechanism and its interface (SMI) characteristics of the sediments in the northern 
South China Sea” (project number: 40976035), and “Research tics on biomarkers and 
molecular biology of methanogenesis and anaerobic oxidation of methane in gas 
hydrate system” (project number:41276046).We chose the core 973-4 from the 
Taixinan area as the object of this research, for instance, the determination of 
geochemical characteristics, the observation of authigenic pyrite via microscope, the 

















materials and data (e.g., the regional geological features, other potential areas of 
methane hydrate in the northern South China Sea and, etc.), the following 
consequences are an outline of this study: 
(1) The concentration of organic carbon in the core 973-4 from the Taixinan area 
amounts to 0.39-1.26%, and the correspondingly data of TS stands at 0.2-0.7%. 
At the depth of 898cm, AVS surges to 9315μmol/g. Besides, the concentration of 
δ34S in pyrite fluctuates between 17.9‰ and -44.4‰. By the apparent 
geochemical characteristics of 973-4 column, a comprehensive judgment comes 
into being: in 973-4 column, there are two sulfate reduction reactions-the 
anoxygenous oxidation of organic matter at the depth of 360-440cm and AOM at 
the depth of 580-900cm. The zone of the anoxygenous oxidation of organic 
matter could be divided into the upper portion locating at 580-700cm and the 
lower portion locating at 700-900cm. The boundary of these two parts above 
indicated mainly by the mutation of sulfate gradient in pore water and the 
diverseness and second growth of pyrite crystal.  
(2) In 973-4 column, the depth of SMI is 900cm. According to the carbon isotope and 
dating，the shallow SMI of 973-4 column may claim the existing of gas hydrate in 
Taixinan area. 
(3) Through analyzing the variations, with depth, of sulfate concentration in multiple 
sections in the northern South China Sea, the conclusions is the shifty sulfate 
concentration, which goes with its depth, in the northern South China Sea could 
be separated into three following parts: the surface oxidation zone of organic 
sulfur, the zone of the anoxygenous oxidation of organic matter, the central 
transitional zone and the zone of AOM. The surface oxidation zone of organic 
sulfur existing or not hinges on, frequently, three cases: the concentrations and 
types of organic matter in the sediments, regional geological structure and the 
influence of ocean current. Generally, the three cases above present all together. 
Correspondingly, the central transitional zone existing or not hinges on the 
anoxygenous oxidation of organic matter in the upper portion and the methane 

















(4) Generally, the depth of SMI has a close relationship with the existence of gas 
hydrates reserves in the lower portion. Multiple reasons contribute to the depth of 
SMI in gas hydrate potential area in the northern South China Sea. In this article, a 
filtering methodology for interferential data is put forward. By this methodology, 
the several depths of SMI in different sections have been recalculated in the 
northern South China Sea.  
(5) The formation mechanisms of pyrite in 973-4 column can be partitioned into the 
type I filling and type II filling. The former type means filling among bioclastics 
and sediment particles, and metasomatically filling in bioclastics. At macro level, 
framboids pyrite. At macro level, pyrite has three categories, that is to say, 
framboids pyrite, tubular pyrite and massive pyrite. In terms of distribution in the 
aggregate forms of pyrite, tubular pyrite is a common existence in the upper 
portion, massive pyrite usually presents in the middle portion, and framboids 
pyrite shows in deeper portion relatively. Filling pyrite distributes all over every 
layer. Pyrite formation depends on bioclastics type and the collection period gap 
between sediment particle sizes. The aggregate forms of pyrite hinge on the types 
of bioclastics and the scales of the gap between sediments during formation.  
(6) In 973-4 column, pyrite conveys multiple single crystals, for instance, cut corner 
cube, cube, octahedron, pentagonal dodecahedron and an aggregation consisting 
of cube and pentagonal dodecahedron. Thereinto, octahedron, acting as the main 
form of pyrite existences, spreads widely in every layer. By contrast, other crystals 
appear in the sediments at 700cm, which depth represents a boundary between the 
upper and lower portions of SMIZ. Various crystals indicate a shifty 
microenvironment, which attributes to various restrictive conditions of AOM. A 
possible inducement may be that the decomposition of methane hydrate, in the 
methane hydrate zone, is unstable and occasional, which due to a substantial 
fluctuation of methane flux. Consequently, the SO42- and CH4 in SMIZ as different 
restrictive conditions of AOM show an on-going fluctuation too, which, eventually, 
effects on the microenvironment and path of pyrite formation. 
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